Carbon aerogel (CA) microspheres were pyrolyzed from resorcinol-formaldehyde (RF) organic aerogels, which were prepared by emulsion polymerization of resorcinol and formaldehyde using ambient drying technique. Structural and microstructural characteristics of CA microspheres were investigated by scanning electron microscopy (SEM), Raman spectroscopic techniques and nitrogen adsorption. The With the optimum initial NaCl concentration of 500 mg L À1 and applied voltage of 1.2 V, the specific salt-adsorption capacity for CA microspheres was found to be 5.62 mg g
Introduction
From the last few decades, nearly a seventh of the worldwide population is currently experiencing a serious puried water shortage. To solve this problem, scientists have shown great interest in developing desalination technologies, and following this many desalination methods have been proposed. Among them, the most widely known universal technologies are thermal distillation, 1 reverse osmosis (RO), 2 and electrodialysis. 3 However, these technologies are always energy intensive and expensive, which limit their further application. Compared with conventional processes, the process of capacitive deionization (CDI) is simple, energy-efficient, economical, safe, and clean. These advantages of the CDI process make it the best alternative process in recent years. [4] [5] [6] CDI is a low pressure and no membrane deionization method. In the process of electrosorption, ions can be adsorbed onto the surface of porous electrodes via the application of an electric eld, to produce deionized water. Then, in the process of electrodesorption, adsorbed ions would be desorbed by reversing the voltages or removing the electric eld, resulting in the regeneration of the electrodes. 7 Thus, for CDI, the electrode material is the key component.
Recent efforts have mainly concentrated in novel electrode materials for the CDI process such as carbon aerogel (CA), 4, 5 carbon nanotubes (CNT), 8 activated carbon (AC), 9 ordered mesoporous carbon (OMC), 10 graphene 11 and their composites. [12] [13] [14] Among them, the specic salt-adsorption capacity (Q) is dened as the salt adsorption amount of per gram activated material and shows the performance of CDI. The value of Q are 3.32 for CNT, 3.68 for AC, and 10.56 mg g À1 for OMC, respectively. [15] [16] [17] Even though the value of OMC is high, the supramolecular templates of synthesized OMC, such as P123 and CTAB, are oen too expensive for bulk production. Accordingly, one of the most promising materials in CDI is CA because of their controllable pore structure, wide range of density variation, high electrical conductivity, relatively low cost, high surface area and great mesopore volume. 18 Pekala et al. [18] [19] [20] rst reported organic aerogel and CA prepared in the resorcinolformaldehyde (RF) system. Now, researchers always use monolithic CA as electrode materials in CDI. 4, 5, 21 However, the monolithic CA is generally prepared via supercritical drying, and the drying methods demand high pressure and temperature, which restrict their development in the commercial market. Facing this dilemma, more recently, the CA microspheres have drawn more attention as they may offer an attractive alternative to monolith production.
22-25
The CA microspheres are novel CA materials, which can be synthesized by emulsion polymerization of RF in a slightly basic aqueous solution via an ambient drying technology, followed by carbonizing at a high temperature under nitrogen atmosphere. [24] [25] [26] There is no solvent exchange process, and hence the cost of production is low and fabrication procedure is uncomplicated as it uses the ambient drying method rather than the traditional supercritical drying. From this aspect, CA microspheres prepared by ambient drying technology pose ideal electrode materials if the pore size distribution (PSD) and available surface area can meet the demand of CDI application. Unfortunately, there have been few reports on the synthesis and properties of CA microspheres used for CDI.
Herein, we rst developed CA microspheres with appropriate PSD and high available surface area for CDI via ambient drying process. The morphological and structural performances of the CA microspheres have been characterized in detail. The capacitive property of CA microsphere electrodes are further examined by deionization experiments on NaCl solution. The effect of specic salt-adsorption capacity of the CDI systems is also evaluated during the operating conditions. Fig. 1 shows the detailed steps in the synthesis of CA microspheres. As the rst step, emulsion polymerization was conducted to synthesize the RF hydrogel microspheres. The molar ratios of resorcinol to sodium carbonate (R/C) and resorcinol to formaldehyde (R/F) were xed at the value of 500 and 0.5, respectively. The theoretical density of the RF solution was set at 0.6 g mL À1 , and distilled water was added as the diluent.
Experimental

Preparation of CA microspheres
Simultaneously, in a three-necked ask, 600 mL industrial white oil and 6.0 g surfactant SPAN80 were added and stirred using a mechanical stirrer at approximately 1000 rpm. Subsequently, the homogeneous RF solution was poured into the industrial white oil containing the surfactant. The solution was stirred for half an hour at 1000 rpm and then the speed of rotation was decelerated to 100 rpm. The emulsions were kept at 333 K with stirring until the dispersive RF microspheres were gelled. The synthesized RF hydrogel microspheres were separated from the industrial white oil through centrifugation and cleaned using dichloromethane. The spheres were then dried at room temperature.
Finally, the CA microspheres were carbonized at 1123, 1223 and 1323 K. The results are shown in Fig. S1 and Table S1 contains the ESI, † which indicates that the optimum carbonization temperature is 1223 K. Therefore, the CA microspheres were obtained by carbonizing at 1223 K for 4 h in an inert atmosphere of nitrogen gas.
Electrode preparation
The electrodes were obtained by admixing CA microspheres, carbon black and polyvinylidene uoride (PVDF). PVDF dissolved in N-methyl-2-pyrrolidone (NMP) was used as the binder solution. The ratio of CA microspheres, carbon black and PVDF was 7 : 1 : 2 by weight. The slurry of CA microspheres was coated uniformly using a tape coating machine on a titanium plate collector with the size of 10 Â 10 cm, and the thickness of the electrode materials was 600 mm. The coated electrodes were dried at 333 K in a vacuum drying oven for 8 h. Electrodes with active material loading of 850 mg were prepared for salt removal experiments.
Characterization
Scanning electron microscopy (SEM) analysis of CA microspheres was carried out to study their surface morphology (JEOL JSM 5900LV). Raman spectroscopy was performed with laser Raman spectrometer using a laser (514 nm) in the range from 1000 to 2000 cm À1 (SPEXCo., USA). Fitting of the spectra was carried out using the Origin soware. The PSD and specic surface area of CA microspheres were calculated by analyzing the nitrogen adsorption-desorption isotherms. The system makes use of Brunauer-Emmett-Teller (BET) theory for determining specic surface area and Barrett-Joyner-Halenda (BJH) theory for PSD of mesopores (2-50 nm). The mesopore volume and mesopore surface area of CA microspheres were calculated using the t-plot method. The electrosorption behavior of electrodes was evaluated by cyclic voltammetry (CV) measurements in a conventional three electrode cell. The working electrode was formed with the electrode under test. Platinum electrode was used as counter electrode, and a saturated Ag/AgCl electrode was used as the reference electrode. CV were obtained in the potential range from À0.5 to +0.5 V in 1 M NaCl electrolyte. 27, 28 The samples were subjected to scan rates of 5, 10 and 20 mV s À1 . The specic capacitance expressed in farads per gram, was evaluated using eqn (1):
where I (mA) is the current, S (mV s À1 ) is applied scan rate, and m is the mass of active material in grams.
CDI experiments
As shown in Fig. 2(b) , CDI experiments were underway in a continuous circulation system including a CDI unit cell, a conductivity meter, peristaltic pump, and a stabilized voltage supply. In this system, the NaCl solution was controlled by the peristaltic pump and owed through the CDI unit cell. The variation of conductivity of the NaCl solution was measured by the conductivity meter. In CDI unit cell, the size of the electrodes was 10 Â 10 cm, and the distance between electrodes was 3-5 mm ( Fig. 2(a) ). In all experiments, 200 mL NaCl solution with different initial concentration was employed as feed solution with a ow rate of 100 mL min À1 .
The conductivity linearly increases with the increasing concentration of solution, and thus the concentration of NaCl solution was determined by measuring conductivity of the solution. The calibration curve is shown in Fig. 3 . Using this calibration curve, we obtain eqn (2): 
where Cond. is the conductivity of solution, and C NaCl is the concentration of NaCl solution. The NaCl concentration can be obtained using the calibration curve made in the experiment. The specic salt-adsorption capacity (Q) is dened as the salt adsorption amount of per gram CA microspheres. It is calculated following equation:
C 0 and C e are the initial and equilibrium concentrations, respectively. V is the volume of NaCl solution, m is the quality of active material. 
Result and discussion
SEM images of CA microspheres
The SEM images of CA microspheres are shown in Fig. 4 . It can be observed that the CA microspheres were all ne spherical and the range of diameters is 1-10 mm (Fig. 4(a) ), possessing a smooth surface without cracks and impurity at high magnication (Fig. 4(b) ). The resultant CA microspheres have very narrow diameter distribution, which can be attributed to the fact that the microdroplets of the RF aqueous phase are dispersed homogeneously and evenly in the process of the emulsion polymerization. As shown in Fig. 4(c) , CA microspheres exhibit porous morphology, and several macropores and large mesopores can be observed at the surface of the microspheres. Fig. 4(d) shows the inner structure of CA microspheres. The CA microspheres are formed by the interconnection of carbon particles. The SEM images indicate that the CA microspheres prepared via the ambient pressure drying process have no volume shrinkage. This also shows that using 6.0 g surfactant SPAN80 and the stirring speeds of 1000 rpm, we can successfully synthesize the spherical CA microspheres by the emulsion polymerization and the ambient drying method. 5 shows the Raman spectrum of CA microspheres. The spectrum is subjected to peak tting using the soware Origin to resolve the curve into 2 Gaussian bands. 30, 31 The tting results of the sample are given in Table 1 .
In Fig. 5 , there were two broadened and overlapped peaks, the disorder-induced D-band and the ubiquitous G-band, which were located at 1360 and 1580 cm À1 , respectively.
32
Generally, the D-band is usually attributed to the lack of longrange translation symmetry in disordered carbons. 33 The Gband corresponds to a tangential stretching E 2g , resulting from the 'in plane' displacement of carbon atoms that are strongly coupled in the hexagonal sheets, 32,34 which indicates that there are crystalline graphitic carbon in the CA micropheres. It was found that the D bands of CA microspheres displayed a broad shape and relatively high intensity, indicating the high content of amorphous carbon and some defects in the CA microspheres. Herein, I D and I G represent the peak intensities of the disorder-induced D-band and the ubiquitous G-band, respectively. The in-plane microcrystalline size decreases with an increase in the I D /I G . 35 The I D /I G also reects the ratio of disordered carbon and ordered carbon in the CA. Table 1 shows that the I D /I G of CA micropheres is consistent with the I D /I G ratio of the monolithic CA prepared using supercritical drying, 35 indicating that the crystal structure of CA microspheres prepared by emulsion polymerization and ambient drying technique is mainly amorphous carbon structure with a few graphite carbon.
Porous properties of CA microspheres
The porous attributes of CA microspheres were characterized by nitrogen sorption tests. Fig. 6 shows the N 2 adsorptiondesorption isotherms and the corresponding pore size distribution of CA microspheres, which were calculated using the Barrett-Joyner-Halenda method. Signicant adsorption occurred on CA microspheres, and their isotherms belonged to the IV type of the IUPAC classication. There was a hysteresis loop in the curve when the pressure (P/P 0 ) was larger than 0.4, indicating a large number of mesopores within the sample. Fig. 6(b) is the mesopore size distributions of the CA microspheres reckoned from the isotherm using the BJH method. The results in Fig. 6(b) demonstrate that the diameters of most pores are below 15 nm. The pore diameter of sample concentrates mainly on around 3.7 nm. The pore size distributions further indicate that there is a little volume shrinkage in the CA microspheres prepared via the ambient pressure drying method. More importantly, in the process of CDI experiment, the removal property oen depends on the hydrated radii of the sodium ions and chloride ions. The hydrated radii of the sodium ions and chloride ions are 3.58Å and 3.32Å, respectively, 36 which are far less than the pore size of the CA microspheres. Hence the CA microspheres satisfy the requirements of CDI.
As shown in Table 2 , the BET specic surface area, the pore volume, and the average pore diameter for CA microspheres are 910 m 2 g
À1
, 0.77 cm 3 g À1 , and 3.38 nm, respectively. The N 2 adsorption-desorption isotherms and the pore size distribution curve suggest that the CA microspheres produced via ambient drying technique have mesoporous structure, which is similar with the monolithic CA products prepared by traditional supercritical drying. It is worth noting that for the CA microspheres, 44% of the BET specic surface area is attributed to the mesopores (2-50 nm). The high ratio of mesoporosity can signicantly improve the desalination performance of the carbon-based electrode materials in CDI. 31 It is clear that the synthesized CA microspheres are propitious to the application of CDI as they have appropriate PSD and high available surface area. Therefore, the CA microspheres synthesized by emulsion polymerization and ambient drying may show great CDI performance when used as electrode material.
Specic capacitance measurements
The CV curves of the CA microsphere electrodes measured at 5, 10 and 20 mV s À1 of scan rate in 1 M NaCl are displayed in Fig. 7 . The proles of curves show quasi-rectangular symmetric and reversible shape in the voltage range from À0.5 to +0.5 V. It is clearly observed that the curves are without any additional oxidation and reduction peaks, suggesting the This ideal capacitive behavior. This also means that ions are adsorbed on the surface of electrodes by forming an electric double layer due to coulombic interaction rather than electrochemical reaction. 37 The obtained values of specic capacitance were 83, 75, and 71 F g À1 for the scan rate of 5, 10 and 20 mV s À1 , respectively. Herein, the capacitance decreases with an increase in the scan rate. This phenomenon can be explained as follows: when the scan rate is slower, ions have more time to be transported into the pores of the materials from solution; thus, the specic capacitance can be more proportional to the specic surface area. The results of the CV curves indicate that CA microspheres with a good adsorption performance may be used as good electrode materials in CDI.
CDI experiment
In all experiments, the solution temperature was kept at 298 K. The ow rate of the solution was controlled by the peristaltic pump at 100 mL min À1 . During each experiment, the NaCl solution passed through the cell without applying voltage until the system reached equilibrium. Furthermore, an expected voltage was applied between the electrodes to reach a new equilibrium. The regeneration was achieved by discharging the cells at 0 V or by reversing the voltage of the electrodes. Aer that, the CDI unit was washed by deionized water, and the voltage of the CDI unit was reversed to lengthen the life of the CA microsphere electrodes. The important experimental parameters were then investigated. The solution concentration (50-650 mg L
À1
) [38] [39] [40] and applied voltage (0.8-1.4 V) were found to have an effect on the CDI systems. Under the operation parameters, the specic salt-adsorption capacity of CA microspheres was calculated. Moreover, the regeneration performance of the electrodes was investigated. When the voltage is applied on the system, the solution conductivity decreases with time, and it is said that the NaCl concentration decreases quickly. With an increase in the applied voltage, the ion removal amounts and rates increase. The specic salt-adsorption capacity drop to approximately 1.57 mg g À1 , 1.81 mg g À1 , 2.15 mg g À1 and 2.33 mg g À1 at 0.8 V, Fig. 9 The specific salt-adsorption capacity variation of NaCl solution with the various initial NaCl concentration. . Fig. 9 shows the variation of specic salt-adsorption capacity with different solution concentrations. In the range of 50-500 mg L À1 , the specic salt-adsorption capacity increases with an increase in solution concentration. Nevertheless, when the concentration is 650 mg L À1 , the specic salt-adsorption capacity begins to decrease. As shown in Table 3 , the specic salt-adsorption capacity is calculated from eqn (2) . For the 500 mg L À1 NaCl solution, the maximum specic saltadsorption capacity of the CDI unit system was about 5.62 mg g À1 . The value is higher than those of CNT 15 and AC, 16 and is consistent with the reports. 38 The results of the CDI test match well with the above results of nitrogen adsorption and CV test.
3.5.3 Regeneration properties of CA electrodes. The conductivity variation of NaCl solution during adsorption and desorption cycles is shown in Fig. 10 . In the desorption process, regeneration of electrodes can be accomplished by two modes, adjusting the voltage at 0.0 V as in Fig. 10(a) and reversing the applied charge as in Fig. 10(b) . For both the modes, the absorbed Na + and Cl À ions can be desorbed from the electrodes. The solution conductivity rapidly reaches its initial value. Fig. 10(b) shows that the CDI performances of sample are stable in multiple cycles. Thus, using the CA microspheres as the electrode materials, the electrosorption/electrodesorption procedure is a repeatable and reversible process.
Conclusion
Herein, CA microspheres are successfully fabricated via pyrolyzing RF organic aerogels, which were synthesized through emulsion polymerization of RF solution, containing sodium carbonate as a catalyst by ambient drying method. The SEM images indicate that all of the prepared CA microspheres were well spherical, possessing a smooth surface without cracks. The obtained Raman spectrum suggests that the CA microspheres prepared by emulsion polymerization and ambient drying technique are mainly formed by amorphous carbon structure with a small amount of graphite carbon. The obtained CA microspheres with average pore diameter of 3.38 nm exhibited the appropriate PSD (3-15 nm) and high available BET specic surface area (910 m 2 g À1 ). The pore size of CA microspheres fully meets the requirements of CDI. The results of cyclic voltammetry indicate that the CA microspheres have an ideal capacitive behavior, and the maximum specic capacitance of the electrode reaches 83 F g À1 when measured at a scan rate of 10 mV s À1 in 1 M NaCl.
The performances of CDI using CA microspheres as electrodes were investigated. The results indicate that the optimum applied voltage and initial NaCl concentration are 1.2 V and 500 mg L À1 , respectively. Under optimum experimental parameters, the highest specic salt-adsorption capacity was found to be 5.62 mg g À1 . This value is higher than the reported values for related monolithic carbon aerogels. The CA microspheres also exhibited great stability and regeneration as electrodes. This preliminary study demonstrated that the CDI process using CA microsphere electrodes can be considered to be an effective technology for desalination.
